Influence of Powder Characteristics in Laser Direct Metal Deposition of SS316L for Metallic Parts Manufacturing  by Boisselier, Didier & Sankaré, Simon
 Physics Procedia  39 ( 2012 )  455 – 463 
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or review under responsibility of Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2012.10.061 
LANE 2012 
Influence of powder characteristics in laser direct metal deposition of 
SS316L for metallic parts manufacturing 
Didier Boisselier , Simon Sankaré  
IREPA LASER, Pôle API, Parc d’Innovation, F-67400 ILLKIRCH, France 
 
Abstract 
Laser direct metal deposition (LDMD) is a rapid manufacturing technique, dedicated to new part construction or worn part 
repairing. The process depends on a various range of parameters and the powder characteristics are one of the main crucial 
parameters. The powder (size,…..) has then a direct impact on an optimized process behavior and the mechanical properties of the 
manufactured component. 
This paper focuses on powder investigation, for a better understanding of its influence. The work was performed with different 
batches of stainless steel AISI316 that have been analyzed and characterized before processing. This paper discusses the results 
derived from the manufactured samples, highlights the influence of the main powders characteristics and demonstrates the 
flexibility of the process when the powders meet the specifications.  
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1. Motivation / State of the Art 
Since a decade, the knowledge based on Laser Rapid Manufacturing Technologies has been increased and the 
developer found applications on various industrial sectors for parts manufacturing or repairing. Several research 
centres and companies have developed their own technology based either on Selective Laser Meting (SLM) or on 
Laser Direct Metal Deposition [1] processes. 
IREPA LASER has developed its own specific tools for the manufacturing of meso-scale and macro-scale shapes 
[2-4]. This process, named CLAD® (Construction Laser Additive Direct), is based on laser cladding, and involves the 
deposition of melted powders into a melt pool for 3D component manufacturing. Compared to conventional laser 
cladding processes dedicated to improve or to restore the properties of a surface (wear/corrosion resistance,…), the 
CLAD® process provide a solution to build metallic and functional 3D parts/component. 
The process parameters are numerous and the general properties (geometry, mechanical) of the manufactured parts 
are directly related to the operating conditions and to the materials used. The properties of common AISI 316L 
samples made by LDMD have been studied and are well known [5-8], but the influence of powder characteristics is 
not clearly underwritten. Nevertheless, it appears mandatory to control the powder characteristics as this parameter has 
a major effect on the repeatability of the process, on the powder catchment efficiency and on the final part 
characteristics.  
This paper will demonstrate that the powder characteristics have a direct impact on powder catchment efficiency, 
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surface roughness, mechanical properties and parameter settings. These conclusions have been obtained from three 
different batches acquired from 3 different suppliers of gas atomised powders. The powders have been characterised, 
in order to define the criteria having influences on the LDMD process. Then, the best powder has been used to 
manufacture components with a full 5 axis machine with a 3D configuration. 
2. Experimental 
Three different batches of gas atomized AISI 316L stainless steel powders were evaluated.  The powders came 
from different suppliers with an imposed grain size range: 45 to 90 micrometers.  
The first step of this study was related to the powder characterization (grain size and shape, chemical composition). 
The grain size measurement was carried out with a laser granulometer Mastersizer 2000 from MALVERN. Chemical 
analysis of steels was carried out by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and 
combustion analysis was achieved for the determination of oxygen, carbon and nitrogen level in the powder. 
In this study, the coaxial laser cladding nozzle patented by IREPA LASER is used [9], in a configuration adapted to 
meso- a fluidized bed by an inert gas and is injected 
through the laser beam. The laser is a single mode fiber laser with a maximum power of 200 W (Continuous mode, 
wavelength = 1070 nanometers).  
Depositions were created on 316L sheets, 5mm thick, which can be considered as thermally of semi-infinitely 
thickness due to the small dimension of . The main processing 
parameters observed were the laser power (P), the scanning speed (S) and powder feed rate (G). The three sets of 
parameters used in this study are listed in Table 1; the specific energy (Es = PxS/Øspot) and the energy brought by 
unit of mass of powder are specified (Eg = P/G). 
Table 1.  Assignments of the cladding parameters 
 P [W] 
S 
[mm/min] 
G 
[mg/s] 
Es 
[J/mm²] 
Eg 
[kJ/g] 
1 200 200 23 18 8,5 
2 200 500 23 7,2 8,5 
3 350 500 1,4 12,7 15 
 
One track/path walls are manufactured with the aim to observe the influence of operating parameters on the 
different batches of powder. For this characterization, microstructural analysis of the cross and longitudinal sections of 
the sample are carried out by optical microscopy after electrochemical etching by chromic acid. The measurement of 
the powder catchment efficiency (ratio of the weight of the part to the powder injected) is made with a high precision 
weighing device (+/-0, 1 mg). 
3. Powder Characteristics 
3.1. Chemical composition 
The three powder batches were analyzed in order to control the chemical composition. These investigations have 
revealed that the chemical compositions are different and do not meet the requirements for two of them. 
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Table 2.  Chemical composition of the 3 batches [% mass] 
 Batch H Batch T Batch L Ref 
Co 0.06 0.15 0.09  
Cr 17.1 16.01 16.1 16.5-18.5 
Cu 0.03 0.1 0.43  
Mn 1.4 0.75 1.39 2 
Mo 2.59 2.37 2.34 2.00-2.50 
Ni 13.66 10.41 10.68 10.0-13.0 
P 0.02 0.02 0.03 <0.045 
Si 0.7 0.7 0.54 <1 
C 0.015 0.105 0.016 <0.03 
O 0.061 0.131 0.038  
N 0.089 0.1 0.056 0.11 
Fe Bal. Bal. Bal. Bal. 
 
We can note that for the Batch T, the carbon ratio doesn’t meet the requirements of a 316L stainless steel. This high 
level of carbon could lead to hot cracking during the laser treatment. This batch has the lowest 
alphagenic/gammagenic elements ratio. Furthermore, the level of oxygen is higher than the other ones (more than 
0.1%). According to these results and from a strict chemical point of view, it appears that only the batch L meets the 
requirements. 
According to the Delong diagram and the composition of the three batches  
3.2. Grain size, morphology, distribution 
 
Fig. 1.  Size distribution for the 3 batches of powders 
The relative size distribution (Fig. 1) of the batches H (D50 = 77μm) and T (D50 = 69μm) is quite similar. On the 
other hand, the lot L (D50 = 62μm) has a broader spectrum and a higher proportion of fine particles (<50 microns), 
which could have an influence on the flowability and on the processing parameters. 
Concerning the grain morphology (Fig. 2), they are mostly spherical for the three batches. However, the batches T 
and H contain degenerated particles – the smaller grain size being on the batch L. 
 
 
(a) 
        
                   (b)                                            (c) 
Fig. 2.  Optical microscopy images of the powder batches: (a) batch H; (b) batch T; (c) batch L 
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3.3. Consequences and flowability 
 In order to confirm the grain size differences over the three batches, the flowability has been characterized. In 
order to conduct this measurement, the indirect method powder flow rate through an orifice has been carried out. 
 
 
Fig. 3.  Qualitative flowability tests results 
The Fig. 3 results show that the batch L has a 20% flowability lower than the powder batch T.  
This result is confirmed by successive measurements of the mass flow at the nozzle output, which reveals a 
clogging phenomenon of the powder in the nozzle. This phenomenon is related to the cohesive behavior of the finest 
particles. Referring to the classification of Geldart [10] and to the previous grain size measurements, a significant 
proportion (25%) of the particles of the batch L (<50 microns) is in the category "relatively easy to fluidize". This 
observation has been made while the other batches has been classified in the "easy to fluidize" category for a major 
part of their spectrum (93%). This particular behavior will have an influence on the laser/powder interaction and 
consequently on the process parameters. 
4. Sample manufacturing: results and discussion. 
A thin wall manufactured via a LDMD process has a typical shape with thin width for the first deposited layers. 
However, we can then observe a tendency to an increase/widening for the further depositions. This can be explained 
by the thermal accumulation of the deposition. In a multilayer configuration, adding a new layer involves a thermal 
accumulation in the already deposited layers. Thus, layer by layer, the successive paths of the laser beam introduced 
additional energy in the overheated part and leads to a layer widening. If the energy amount provided by the laser 
beam is constant, there is an excess of energy which can change the wetting conditions. By applying the equations 
defined by Jouvard et al. [11] to calculate the threshold power for the melting of the substrate surface, it is established 
that the power to bring WHAT?? at room temperature should be twice higher than at 1100 K. 
 
Fig. 4.  Typical cross-section and side view of a thin wall 
4.1. LDMD tests results with the Batch H  
The general microstructure of thin walls can be observed on Fig. 5a. A dendritic austenitic structure, free of macro 
defects is obtained and we can clearly observe the transition between two layers. Due to the small size of the 
deposition compared to the substrate, a significant change of the microstructure can be observed along the growth 
direction of the wall for the sets of parameters 1 and 2. Indeed, the first third of the wall consists of an equiaxed 
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microstructure (Fig. 5b), which is synonym of a relatively homogeneous cooling gradient of the first deposited layers. 
The substrate produces a very massive high solidification rate and a low thermal gradient in the deposition. Regarding 
the remaining part of the wall, the microstructure is columnar (Fig. 5c) as the influence of the substrate being less 
important, the conduction heat flow takes place in the small wall previously deposited. 
 
(a)                                                                              (b)                                                                             (c) 
Fig. 5.  Optical micrograph of the microstructure (electrochemical etching by chromic acid): (a) general, (b) bottom and upper (c) zone of the wall 
The deposition made with the third set of parameters generates a columnar structure with an epitaxial growth layer 
by layer. The microstructure is homogeneous, except the two last layers having a smaller primary and secondary 
dendrite arm spacing. This observation is directly related to the fact that the two last layers were exempt of thermal 
cycles (Fig. 6). 
 
Fig. 6.  Transition zone between the two last layers and the other layers (electrochemical etching by chromic acid) 
Regarding the influence of the operating parameters on the deposition geometry (Fig. 7), with the results obtained 
with the set 1 of parameters considered as reference, we observe that an increase in the deposition rate without any 
modification of the energy supplied to the powder jet (between the parameter set 1 and 2) directly involves a decrease 
in the linear density of powder deposited and thus conduct to a decrease in the average height of the layers. In 
addition, the reduction of specific energy leads to a reduction in the average width of deposits and a decrease in 
dilution between layers. The result of these two phenomena is a decrease in roughness. 
On the other hand an increase of the specific energy and energy given to the powder jet causes an increase in yield 
and dilution, leading to a widening of the average width of deposits and a significant increase in the average height 
layers. The roughness increases because the dilution is insufficient to compensate the higher volume of melted 
material. 
 
Fig. 7.  Radar chart of the wall characteristics with the batch H 
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4.2. LDMD tests results with the Batch T  
 
Fig. 8.  Side of the wall obtained with the batch T: slags between the layers (electrochemical etching by chromic acid) 
As with the powder of batch H, an austenitic dendritic structure is obtained. Slags are found on the side of each 
transition between the layers as it can be noted on Fig. 8. 
 
 
Fig. 9.  Resulting microstructure with the batch T and with the set of parameters 1(electrochemical etching by chromic acid) 
With this batch of powder, the orientation of dendrites is different between each layer independently of the 
parameters. This phenomena is due to a low remelting process of the previous layer, resulting on a “Totem” shaped 
wall with a high peak to valley roughness (>100μm). 
This low remelting phase of the previous layer can be observed in Fig. 10 with a significant increase in roughness 
between the parameters set 2 and 3. The increase of the energy supplied to the powder stream without any additional 
specific energy does not meet the surface quality requirements. 
 
 
Fig. 10.  Radar chart of the wall characteristics with the batch T 
To achieve similar results to those obtained with batch H, the parameters need to be adjusted mainly concerning the 
powder feed rate, which has to be decreased to get a better remelting phase of the former layers. 
4.3. LDMD tests results with the Batch L 
The first feature of the walls processed with the powder from the batch L is the presence of a large amount of pores 
(Fig. 11a). Their size can reach 100 micrometers leading to a mechanical properties reduction. 
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(a) (b) 
Fig. 11.  With the powder from the batch L: (a) typical cross-section of a wall manufactured; (b) cross-section of a particle (electrochemical etching 
by chromic acid) 
The pores are the result of the formation of gas bubbles trapped in the melt pool during the solidification phase.  
A metallographic analysis of the powder has revealed that a major part of particles is porous (Fig. 11b). These 
pores were formed during the atomisation of the powder and the trapped gas is released at the end of the complete 
melting of the particles into the melt pool. 
The microstructure is different of the other batches. The dendrites are very short with a very small space between 
the primary and secondary arm spacing. It is possible that the defects of the powders change nucleation conditions.  
From a deposition morphology point of view, the resulting layers are thicker compared to the two other types of 
powder (about 5%) but the surface quality 
average of 68 and 72% for other powders) with a significant dilution between the layers. Indeed, the batch L contains 
more fine particles, easier to melt leading to a PCE improvement. 
 
 
Fig. 12.  Radar chart of the wall characteristics with the batch L 
Despite a higher PCE, the low flowability of Lot L makes it difficult to build large samples. Indeed, the progressive 
clogging of the nozzle during the process leads to an irregular flow rate. This can be noticed by various rate 
measurements of the powder feed at the nozzle output. The powder flow remains stable during a certain period of 
time. Though, when the powder packet is removed we can observed defects in the manufactured part. 
5. Parts manufacturing 
These parts showing various shapes have been built without process control/monitoring, using different strategies 
of construction with the optimized operating parameters.  
Fig. 13 illustrates some applications of the LDMD process.  
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(a)                                                                             (b) 
Fig. 13.  LDMD parts: (a) A tibial prosthesis (on the right) achieved from CAD file (on the left); (b) an airduct (made on MultiCLAD machine at 
IRCCYN lab-ECN Nantes) 
6. Conclusion 
The influence of the powder characteristics having an impact on the piece properties can be observed at different 
levels.  
Within the framework of this study, three batches of stainless steel A.316L powder have been acquired, analyzed 
and tested. From a chemical point of view, the batch T does not meet the requirements of the requested powder, due to 
excessive carbon and oxygen ratios. However, this powder has not been rejected as it remained interesting to see the 
influence of these defects on the process. Using the batch T powders, we notably observed some modifications in the 
microstructures and the presence of slags trapped between the layers. Moreover, it has been necessary to modify the 
process parameters in order to guarantee a correct remelting phase of the layer. 
From a morphologic point of view, the three batches meet the requirements. However, the batch L showed a lower 
grain size distribution affecting the flowability and having an influence on the powder stream stability at the output of 
the nozzle: the jet was not constant and many construction defects have been observed. Moreover this powder is 
porous and the manufactured parts showed a large amount of pores. 
From a process point of view, the geometry and the surface aspect of the depositions, with the same process 
parameters, highly depends on the powder. The processing parameters need then to be adjusted for each powder as 
they showed many differences (chemical composition for the batch T, and grain morphology for the batch L). 
 The batch H has provided the best overall results in terms of depositions size, surface roughness as well as 
metallurgical health. This powder allows high powder catchment efficiency with a sufficient remelting phase, 
contributing therefore to obtain a good quality surface without any inter-track defects formation - which is suitable for 
the manufacturing of bulk part. 
This study has also illustrated the importance to control the powders prior to process them, particularly in a LDMD 
configuration. 
 
In conclusion, the following items need to be considered: 
1. The morphology of the powder affecting the flowability and the laser/powder interaction. 
2. The chemical composition of the powder causing the formation of impurities (oxides for example) and 
modifying the laser/former layer interaction leading to a weak bonding between layers. 
3. The absence of porosity in the powder generating macroscopic defects in parts. 
However, the characterization of these powders is not finalized, and these tests remain only a step in the 
material/process optimization of SS A316L powder. The investigation are currently is progress in order to complete 
the previous results. A composition analysis will be carried out using a scanning electron microscope and X-ray 
diffraction in order to verify the assumptions made during the first steps of the study and to determine the influence of 
the process on the final composition of the deposited material. Finally, mechanical tests (tensile tests and fatigue) will 
be undertaken to confirm the influences of the characteristics of the powder. 
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